The general failure of neuroprotectants in clinical trials of ischemic stroke points to the possibility of a fundamental blind spot in the current conception of ischemic brain injury, the "ischemic cascade". This is the third in a series of four papers whose purpose is to work towards a revision of the concept of brain ischemia by applying network concepts to develop a bistable model of brain ischemia. Here the bistable model of brain ischemia is compared to the ischemic cascade concept. The core weakness of the ischemic cascade concept is revealed to be its assumption of superposition, or that the elements of the ischemic cascade can be summed as linearly independent events. This assumption leads to a concept of neuroprotection as a subtraction of ostensibly independent damage events. The bistable model offers a different concept of neuroprotection where the role of individual molecular pathways decreases in relevance with respect to the efficacy of outcome. Network thinking provides a framework for critical assessment of widelyused preclinical experimental approaches. The importance of allometric scaling is also discussed. We illustrate that the bistable model provides a viable alternative to the ischemic cascade as an explanatory framework and as a guide for therapeutic development.
Introduction
In this paper we begin to explore implications of the bistable model of brain ischemia, largely by contrasting it to the ischemic cascade concept. This will go hand in hand with continued development of the model. Recognizing the complementarity between the pathway and network approaches leads to a discussion of how these may be formally linked. Such considerations lead to a key revelation that superposition appears to be the implicit basis for the ischemic cascade concept, and by extension, the current concept of neuroprotection. An alternative view of neuroprotection that explicitly rejects superposition, based on the bistable model, is then provided. This leads to a more general discussion of how the bistable model provides a systematic template for understanding ischemia-induced cell death. We end this paper by considering the experimental implications of applying network concepts to the problem of brain ischemia. Superposition is also implicit in widely-used preclinical methodologies and serves as a distorting influence on how experimental outcomes are interpreted in terms of causality.
Networks versus pathways: extreme complimentarity
The first important fact to note when comparing the traditional molecular pathway view that has given us the "ischemic cascade" to the bistable network model developed here is that, in important regards, they are not mutually exclusive. Choosing viewpoints is not a form of bistability. The approaches are complementary. Each has its strengths which make up for the weaknesses of the other. The pathways approach is like studying individual trees in a forest: it shows us the myriad molecular details up close. The network approach would then be like having a map of the entire forest; it shows us the overall system within which the individual details fit. Without some kind of map of the overall process we get into a situation that resembles someone trying to deduce the cause of the whole forest by studying only a small patch of trees within the forest. It simply doesn't make any sense.
What we are really facing here is an issue of balance. The field has developed in an unbalanced fashion by it's over-focus on molecular details at the expense of a generalized picture of what ischemia is. This is no one's fault in particular; it is just the course by which the science has evolved. However, as we see ahead, this unbalanced approach has played a significant role in the failure of neuroprotection and it has given us a confused understanding of brain ischemia.
The technical complementarity of the pathways and network approaches is scale. The pathway approach is focused on the scale of individual molecules and their interactions. The network approach as we have applied it here is focused on the scale of the single cell. Networks at other scales can be constructed, such as among brain regions or the behavior of the vascular tree. We have chosen the scale of the individual cell because it is the individual post-ischemic cell that faces the mutually exclusive decision to live or die.
We stated in the 1 st paper that the pathways approach lacks a means to formally integrate the various pathways, but that the network approach is a formal approach to integrating these. We have now illustrated this by reducing all changes induced in the brain by ischemia to the variables DM and SR. This allows us to study the aggregate (e.g. integrated or total) behavior of the damaging (DM) and protective responses (SR) with no reference to specific details. It is in this fashion that the network model formally integrates the details.
Individual changes and the varaibles dm and sr
It therefore becomes mandatory to ask about the relationship between DM and SR as aggregate or total variables, and the individual changes of which each consists. This is a central question with immediate bearing on the question of neuroprotection.
To begin to address this question, let us return to Dr. Wieloch's sandwich model. While he has been kind enough to grant me permission to use his unpublished idea in this work (Tadeusz Wieloch, personal communication) , I must add the following disclaimer. Because this model has not been published, there is no source from which to draw upon regarding Dr. Wieloch's conception of his model. Therefore, it needs to be made perfectly clear that the presentation and interpretation of the sandwich model are solely my own and what is said here should in no way be construed as representing Dr. Wieloch's view.
Recall the sandwich model envisions stacking the damage mechanisms on top of each other to form a sandwich. The height of each layer, each damage mechanism, reflects the strength or intensity of that specific form of damage. If the height of the whole sandwich passes some threshold height, then cell death ensues. This idea is clearly an attempt to formulate how the combined action of the many forms of ischemia-induced damage integrate and contribute in aggregate to cell death. This is indeed a seminal notion. Dr. Wieloch's sandwich model is the logical predecessor of the bistable network model.
In fact, the sandwich model provides a means to literally calculate DM. Let's see how this works. For clarity in discussion we now notate any individual damage mechanism in small case letters as dm i . The i subscript is simply a counter, e.g. dm 1 , dm 2 , dm 3 …dm m , saying there are m individual damage mechanisms. According to the sandwich model, DM is the sum of the heights of each individual damage mechanism, where we can take the height to represent the intensity of each individual damage mechanism. Instead of a pictorial of a sandwich, we can now express this as an equation:
We note the sandwich model does not explicitly account for ischemia-induced stress responses. By analogy, we can do the exact same thing for n individual stress responses.
Thereby we arrive at precise relationships between the individual events that make up the molecular pathways of the ischemic cascade and the aggregate variables required for the bistable network model. In both principle and practice, suitable markers for each of the dm i and sr i could be determined and measured, and, on some normalized basis, plugged into the above equations to give us real answers for both DM and SR. For example, the amount of some product of lipid peroxidation produced as a function of the amount of ischemia, I, could be one dm i . Other dm i might include (all as functions of I): the increase in cytoplasmic Ca 2+ , the decrease in endoplasmic reticulum Ca 2+ , the amount of proteolysis of specific proteins, the degree of calpain I activation, the amount of cytoplasmic cytochrome C, the degree of DNA fragmentations, and so on. Similarly, specific sr i might be: the amount of HSP70 protein, the degree of phosphorylation of Akt1, the degree of activation of eNOS or the AMP-activated protein kinase, and so on. Clearly this would be a complicated endeavor because the list of dm i and sr i will be large, and the task would presuppose having the lists of dm i and sr i in hand. Although a huge task, it is, in principle, a doable task.
Thus it seems we have established a concordance between the traditional pathway view of the ischemic cascade and the bistable network view of brain ischemia. But alas, all is not well. The form of the equations above has a name. That name is superposition.
Superposition in brain ischemia studies and neuroprotection
There is one thing about math: it offers lots of possibilities. If we can imagine adding the individual dm i or sr i , why can't we instead multiply them? Or maybe they require an integral. Or do they need weighting? Or is there some more complex form of mathematical relationship between them? Do we take each dm i or sr i and divide it by the sum of all the others? Or here is a nightmare thought: maybe the form of the relationship changes as a function of where it is at in the state space.
The point being that, while we do truly achieve concordance between the pathway and network views by realizing that the individual elements are related somehow to give DM and SR, the fact is we don't know what the form of that relationship is. Assuming they are to be added in the form shown above is exactly that, it is an assumption. Further, it is the assumption of superposition. Superposition is the linear summing of independent events. Or said slightly differently, the net response of two or more independent events is the sum of each individual event (Rodgers et al 1984) .
Whether or not it is Dr. Wieloch's explicit intend, our reading of the sandwich model is that it reveals the fact that the assumption of superposition permeates the field. First each individual event is isolated from all others on its own separate layer in the sandwich, or as its own term in the equation; this reveals the assumption that the events are independent of each other, e.g. do not interact. Then these are simply added together. Adding independent things is superposition. Superposition is the exact opposite of a network view where each node is directly dependent on its input nodes, and indirectly dependent on the state of all the nodes. In fact, superposition and network models are mutually exclusive. Nodes are simply not independent in a network. Conversely, a collection of independent things cannot form a network.
Thus, there is a double edge to the sandwich model. On one hand, it provides the seminal insight that the individual events induced by ischemia can somehow be aggregated or related. On the other hand, in the specific form it has been presented, it assumes that the form of that relationship is superposition. In the 4 th paper we present the idea that the individual dm i and sr i are related as the nodes of the network underlying the post-ischemic state space. The purpose of much of the remainder of the present paper is to focus on the implications that superposition seems to permeate the field.
Perhaps the most important implication is that the sandwich model reveals how superposition is the hidden assumption of the current conception of neuroprotection. What is the widely held idea of neuroprotection? We administer a drug that is supposed to inhibit one or the other of the many identified damage pathways. This is effectively an attempt to subtract that damage mechanism from the mix. It amounts to attempting to remove one or more of the dm i terms from the linear sum. This is illustrated using the sandwich model in Figure 1 . Here a radical scavenger is given to eliminate reactive oxygen species (maybe NXY-059?). The expectation is that by reducing (e.g. subtracting) a couple of the assumed independent damage components (e.g. dm i ) this will bring the cells below the cell death threshold, and thereby salvage them.
What's clear from the clinical trials is that subtraction approach, implicitly based on superposition, has not worked. Some authors question if neuroprotection is even possible in principle (Röther 2008 ). We do not here pretend to be able to magically answer why neuroprotection has completely failed in human clinical trials but offer some thoughts grounded in the network view, hopefully novel. While the refinement of clinical and preclinical methodologies seems a reasonable step towards assuaging the problem, it is not without pitfalls. In a subsequent section we offer a critical analysis of preclinical methodologies, themselves implicitly permeated by the assumption of superposition. We now address neuroprotection and cell death from a network point of view. We begin by way of a brief detour into allometry, a critical quantitative consideration that needs to be integrated into our thinking, whether or not one accepts the premise of network thinking.
Pay attention to allometry!!!
A PubMed search of "allometry" and "stroke"/"brain ischemia"/"etc." gives one paper pertinent to brain ischemia. This is Curry (2003) where he makes the case for the importance of allometric scaling in drug delivery and the allometrics of comparing the ischemic cascade amongst organisms. That only one paper directly addresses this issue says much about the extent of quantitative thinking in our field. What is perhaps worse, Scopus citation tracker reveals only 15 citations of this paper for which 8 are specific to brain ischemia. To put this in perspective, a simple PubMed search of "apoptosis brain ischemia" gives 2,396 papers (as I write in late February, 2010).
Allometry or allometric scaling is the study of the scaling and relative proportions (sizes, weights, rates, etc) of the parts and functions of different species or individuals within a species. This area has recently been championed and perhaps even revitalized by Geoff West (Brown 2000) . One of the significant contributors to the failure of neuroprotection could be due to not adequately taking allometric effects into account. An obvious example is drug dosing. If some drug is effective in rodents at X mg/kg, and it is simply scaled by body weight (kg) and given to humans, one is assuming a scaling of the drug effect as a linear function of body weight. The study of allometry reveals that most such scaling generally obeys power laws that are not linear.
But allometry is not only directly applicable to scaling drug doses; it also involves understanding the relative proportions of parts and functions, which is expected to be crucial in comparing different species. A relevant example can be found in a report from Boissel's group in France (of whom more is spoken in the 4 th paper). This group performed computer simulations modeling the differences in the amount of white matter and glia between rodents and humans and how simulated drugs would behave in these different milieus (Dronne et al 2007) . The impetus here was clear: human strokes often involve white matter lesions, which are comparably rarer in rodent models of brain ischemia. Their simulations indeed showed different responses of simulated drug treatments between the in silico rodent and human brains. The Dronne et al 2007 computer study shows, in effect, that taking the allometric scaling of white matter and glia into explicit account makes a difference in drug efficacy.
One place where allometry would be relevant in the context of the bistable model is in comparing post-ischemic state spaces amongst neuron subtypes in a species (e.g. as illustrated in Figure 4B of the 2 nd paper of this series), or in comparing neuronal subtype state spaces amongst species. Some specific allometric relationship is expected from such comparisons. Understanding the allometric relationships between different neuronal postischemic state spaces is potentially a very important factor for developing therapeutics because it will allow correct scaling from preclinical animal models to human patients. Therefore, it needs to be strongly highlighted that comparing results between humans and animals requires taking into account all the relevant allometric scaling. If this is not done, failure is almost guaranteed. Given the central role of animal models in preclinical testing of neuroprotective agents, and quite independent from the application of network thinking to the problem of brain ischemia, we strongly urge that an effort be undertaken to integrate allometry into all studies of brain ischemia and reperfusion.
No drug is better than the next
Returning back to neuroprotection, we again consider the quote by O'Collins et al (2006) that opened the 1 st paper. We repeat only the relevant bit: "No particular drug mechanism distinguished itself on the basis of superior efficacy in animal models of focal ischemia." This same general sentiment also applies to pharmacologic interventions following global cerebral ischemia (Weigl et al 2005; Fukuda and Warner 2007) . The bistable model offers a surprising take on this observation. To make our point, however, we revert briefly, and for the last time, to some additional details about differentiation.
We discussed the GATA1/PU.1 competition in the 2 nd paper. One question we did not consider was what determines which transcription factor (TF) is at a higher amount in the progenitor cell. Physiologically (e.g. in vivo) this involves growth factor or mitogenic signaling pathways (Chiba et al 1991; Enver et al 1998) . The differential expression of the TFs is controlled by the ligands in the cell's environment. What is amazing is that seemingly unrelated stimuli can substitute for the growth factor signaling pathways. We saw in the 1 st paper that DMSO can be used to induce differentiation (Santos et al 2003) , but DMSO is just a solvent. It is also possible to trigger differentiation by mechanical deformation of the progenitor cells (Huang and Ingber 2000) . In my own lab, we routinely differentiate NB104 neuroblastoma cells using a non-hydrolyzable analogue of cAMP (Kumar et al 2003) How can such a diverse array of stimuli -ligands, 2 nd messenger analogs, solvents, mechanical force -control transcription with any specificity? We note in passing that this situation is reminiscent of how a diverse array of stimuli can induce the heat shock response: heat, heavy metals, osmotic shock, ethanol, ischemia, etc. (Lindquist 1986 ).
While some research in this area seeks to show that these stimuli converge to the same intracellular pathways, existing evidence by no means conclusively supports such a view (Chao 1992; Huang and Ingber 2000) . The network view offers a completely different explanation. We saw in the 1 st paper that both DMSO and retinoic acid could induce the same differentiated phenotype by traversing different trajectories in the state space, that nonetheless converged to the same attractor (Huang et al 2005) . Either stimulus provided a perturbation, a "kick" if you will, to the system, inducing movement of the network configuration out of one attractor and in the general direction towards another.
The generalization here is: because the phenotypic transformation is viewed as movement from one attractor to another, the specific details of the initiating stimulus and its trajectory are less important than the final outcome. Different stimuli lead to the same outcome, with the main difference between stimuli being the trajectory taken towards the final result. However, the specific details resulting from following a specific trajectory are simply less important than the fact that the trajectory moves inevitably towards a specific attractor (phenotype). By such logic we can explain why no particular drug has shown superior efficacy in animal studies of brain ischemia and reperfusion.
An alternative interpretation of what neuroprotection is
In a relatively recent review of neuroprotection, Myron Ginsberg (2008) frankly discussed the "everything works in animals" issue raised in O'Collins et al (2006) . The conflict boils down to the fact that we are faced with what appear to be two contradictory pieces of evidence:
1. The Ginsberg point: There is seemingly some degree of specificity to neuroprotective drugs. That is, everything doesn't work as a neuroprotectant.
The O'Collins et al (2006) point:
The ischemic cascade concept indicates certain therapies should be highly effective (e.g. glutamate antagonism, calcium channel blockers, free radical scavengers, anti-apoptotic agents). However, no agent that does work as a neuroprotectant shows superior efficacy over any other agent that works. Thus, any agent might as well work since our expectation of what should be most efficacious is constantly foiled. In short, there seems to be some basic flaw in the idea that specificity of drug action relates to efficacy in neuroprotection.
We suggest the resolution of this apparent conflict is exactly analogous to the differentiation examples cited above. What works does so not because it is subtracting out damage as is commonly thought (as illustrated in Figure 1 ). Neuroprotection works because the drug treatments are a perturbation in the post-ischemic state space that push or "kick" the cells back towards S. One must imagine the network configuration (e.g. our ubiquitous marble) poised in some lethal part of the post-ischemic state space. The lethal area of the post-A neuroprotective drug is then one that serves to "kick" the configuration out of the "danger zone" and back into the basin of attraction of S. The basin of attraction of S is to the left of the separatrix and we call it the "safe zone" and paint it green in Figure 2 . Drugs that enhance cell death "kick" (e.g. accelerate) the cell's descent to CD. Those drugs that have no effect simply don't exert any "kick" in the post-ischemic state space that makes a difference for outcome. Figure 2 illustrates the bistable model-derived view of neuroprotection in perhaps a rather fanciful way, which nonetheless emphasizes the idea of "kick." Figures 1 and 2 starkly contrast neuroprotection as superposition, or neuroprotection in a network, respectively.
The so-called "specificity" of each neuroprotectant results not because it "specifically" inhibits some arbitrary damage pathway X, but because it traverses a trajectory back to S different from some other drug Y. It may happen that the trajectory followed after drug X treatment does involve some degree of suppression of damage pathway X, but maybe not. It doesn't really matter. All that matters is that the drugs that work push the system through some arbitrary trajectory to the "safe zone", and hence ultimately to S. The details of the trajectory are relatively unimportant compared to the final outcome.
We want to clarify in passing that by calling a neuroprotectant-induced trajectory "arbitrary", we are not saying a drug will produce arbitrary changes in the post-ischemic brain. We use to the term "arbitrary" to refer to the fact that there are arbitrarily many possible trajectories back to S on the state space landscape, none any better than the other; they all lead back to S. Thus, each drug will elicit its own unique trajectory (or some related range of them), and thereby produce relatively reproducible changes in terms of specific molecular pathways.
While network thinking tells us that the details of individual trajectories are less important than the final outcome, we still take a moment to discuss the physical interpretation of a drug-induced trajectory. To understand a trajectory means understanding a single point in the state space since the trajectory is just a set of points linked on the state space surface. We discussed this issue in the 2 nd paper and now revisit it here.
Looking at Figure 2 , a point in the post-ischemic state space can be seen to be some combination of DM and SR in different proportions. We can also see in Figure 2 that the ranges of DM and SR each go from 0 to 1. These ranges imply two things: (1) that we can empirically measure DM and SR, and (2) that these measures can be put on a normalized basis so they can be directly compared. Assuming these to be true for argument's sake, we can ask what a single point represents. The separatrix is the line where, for each point, DM = SR. In the "safe zone" SR > DM, and in the "danger zone" DM > SR. If we notate a point on the state space surface as (SR, DM), then examples of "safe zone" points would be (1, 0) (this is the attractor S), (0.9, 0.5), (0.2, 0.05), and so on. "Danger zone" points would include (0, 1) (attractor CD), (0.5, 0.75), (0.25, 0.35) and so on. Consider the point (0.5, 0.25). This point is marked in Figure 2 and can be seen to be in the "safe zone" on the P-D boundary. What this point means quantitatively is that the total induced stress response capacity (SR) is exactly twice the amount of total damage (DM). In this sense, each point on the state space landscape represents different proportions of DM and SR.
But DM and SR in turn are aggregates of many dm i and sr i . As discussed above, we do not yet know the form of the relation between DM/SR and the many dm i /sr i . This issue speaks to the form of the network architecture linking the many dm i /sr i (a topic discussed in the 4 th paper). However, in spite of knowing neither the network architecture nor the specific mathematical relationship between DM/dm i and SR/sr i , we can still make statements about the physical meaning of a point in the state space. Specifically, we can infer that a point must be some pattern of expression of many specific dm i and sr i in proportions reflecting their location on the state space.
Physically, a state space point corresponds to distinct patterns of many specific molecular events/pathways, some of which harm the cell (dm i ) and some of which help the cell (sr i ). An adjacent point would be expected to be a minor variation of its neighboring points. Two points separated by a significant distance on the state space surface would represent very different patterns of specific dm i and sr i . Not all state space points will be physically realistic. Recall the GATA1/PU.1 example from the 2 nd paper. The point (1,1), where GATA1 and PU.1 are both maximal, is probabilistically very unlikely because each inhibits the other. The same would be true for the point (1,1) with DM and SR in the post-ischemic state space. But in the context of such considerations, generally a point in the post-ischemic state space will correspond to some pattern of expression of molecular damage and stress response events in the cell.
As the state vector moves from point to point generating the trajectory, the pattern of underlying specific physical events would transform. In a cell death scenario (e.g. a trajectory towards CD), the damage events (dm i ) would increase and the stress response events (sr i ) would decrease. For a neuroprotectant-induced trajectory (e.g. from the "danger zone" and back towards S), the dm i would gradually disappear and the sr i would change in such a way to repair the cell, which amounts to resetting it to the S phenotype.
These ideas can be used to reconcile the fact that some drugs work, but none of them show any real differences in terms of superiority of efficacy. The bistable model gives rise to three classes of drug effect in the post-ischemic brain: "towards S" drugs, "towards CD" drugs and no effect. Clearly then, not all drugs work, specificity, in the sense of being a neuroprotectant or not, is present, and Dr. Ginsberg is correct.
However, no drug shows superior efficacy because the neuroprotective effect is not due to a simple subtraction of one specific form of damage. That is, specificity in terms of a drug being specific for some particular damage mechanism, is not what is going on from the state space point of view. Instead, all neuroprotective drugs move the cell through points in a multi-dimensional space where each point is a combination in different proportions of all the ischemia-induced damage mechanisms (dm i ) and stress responses (sr i ), at various stages in their time courses of expression. According to the bistable model, there is no magical cell death pathway X, which if inhibited by a neuroprotectant, would magically salvage all the neurons.
Hence the intuition expressed in O'Collins et al (2006) is also correct: there is a flaw in linking neuroprotective efficacy to the presumed "specificity" of drug X acting on damage pathway X. That flaw is the assumption of superposition, or that drug X simply subtracts damage pathway X. The idea of drug "specificity" is lost to a large extent in a network context, but so too is the concept of an "off-target" or a "nonspecific" drug effect, the latter being the evil twin of the former. In fact, both the so-called "specificity" and the "off-target" or "nonspecific" effects together reflect the action of the agent on the network as a whole, an issue we return to in the final section.
Neuroprotectants as perturbations in the post-ischemic state space
Briefly we here try to sharpen the concept of "kick". For lack of a better term, we retain the word "kick" because it is at least descriptive. At the risk of sounding glib by retaining the term, it needs to be strongly emphasized that this is unquestionably the most important concept to derive from our bistable model because it provides a new way to conceptualize neuroprotection. We do not pretend to have answers here, only questions.
The idea of the "kick" of a neuroprotectant is related to the question of effect size: e.g. drug X salvages 20% but drug Y salvages 50%. There are many factors that will bear on effect size, many quite pedestrian and we do not try to consider all of them here. Pedestrian considerations are of the type that drug Y has better brain penetration or gets into cells better. A less entertained possibility is that effect size differences aren't real and are merely statistical artifacts and no neuroprotectant really is better than any other neuroprotectant. While some might find the suggestion contentious because it suggests methodological weakness, it is something we should take seriously in the present context. If effect size differences are a statistical artifact, but effect size itself is not zero (e.g. is some constant percent), this would imply all neuroprotective agents exert the same intensity of "kick" in the post-ischemic state space. On the other hand, if effect size differences are real, it would indicate that different agents can induce different intensities of "kicks". Given the present way outcome data is collected and interpreted, it is virtually impossible to even make an educated guess from the existent data whether different neuroprotective agents exert different intensities of "kick". There is too much variation in models, routes of administration, specifics related to the drugs themselves, and other such factors to even find firm footing. Further, when thinking about "kick" intensity, one must consider the starting point at which it is applied. A drug administered to a brain right below T N will need to exert a stronger "kick" to get the cells back over the separatrix than a drug administered to a brain that has experienced a lesser amount of lethal ischemia.
The above considerations offer some small insight into why have neuroprotectants been effective in rodents (or other nonhuman mammals) but not in humans. Neuroprotectants that are effective in nonhumans produce some amount of "kick" to move the system to S. It is possible that linearly scaling up a drug dose by body weight does not result in the same amount of "kick" in the human brain. That is, we come back to allometry. This is the same argument used above in reference to drug doses, but instead of thinking of the drug effect as inhibiting (subtracting) pathway X, we now think in terms of the effective "kick" of the drug as a perturbation in the post-ischemic state space.
While we here use the term "kick" to keep the concept digestible, the concept refers to the action of a neuroprotective agent in the post-ischemic state space. Thinking of the neuroprotectant as exerting a "force" by which to move the state vector (e.g. as a "kick") is one possible means of doing so. However, as we saw in the case of differentiation, it is possible for a bifurcation to alter the shape of a state space. It is therefore possible that neuroprotectants act as "bifurcation agents" by changing the shape of the post-ischemic landscape in such a way as to make it easier for the state vector to return to the S configuration. Some neuroprotectants may propel the system to S without changing the state space landscape; others may change the shape of the state space landscape. Some drugs might even do both: change the shape of the landscape and provide a "force" sending the state vector back to S.
Whatever the case may be, the bistable model distinctly predicts that such a "kick" should be associated with any drug treatment. Further it predicts two specific modes of action of a "kick": as a force or a shape change in the state space. It also predicts that "kicks" should have different intensities insofar as the state space embodies the concept of a distance over which the "kick" must move the state vector. However, to go beyond the issue as discussed here, which is purely theoretical, some measure of this "kick" needs to be devised. With such a measure one could determine if "kicks" can have variable intensity, and importantly determine the allometric scaling of the "kick" effect between species. Following such a program may get us closer to an effective neuroprotectant in humans.
Further thoughts on clinical issues and cell death
Having clarified what it means to prevent cell death in the bistable model, we discuss here just what it is we are trying to prevent. In this section we link therapeutics to the two modes of cell death in the bistable model, and discuss forms of cell death as relates to concepts of causation.
Therapeutic Modalities and the Bistable Model
The first mode of cell death is that which occurs during ischemia. The bistable model unambiguously states that cells that experience N levels of ischemia will die. That is, passing T N = cell dead. The only way to prevent the N phenotype is to prevent cells from passing T N in the first place. For the majority of clinically relevant situations, it is unlikely a drug will ever be effective in moving cells out of the N phenotype. This is simply an issue of time: the cells will die before a drug can act. Thus, the N phenotype is ill-suited as a target for neuroprotection. This underscores the importance of and need to continue to develop effective reperfusion or recanilization therapies (Molina and Alvarez-Sabín 2009 ), what we have elsewhere called "ischemia reduction" techniques (DeGracia, 2008) . In the context of the bistable model, these should indeed be collectively referred to as "ischemia reduction" techniques. Their main functional effect is to reduce the amount of ischemia such that cells never experience I ≥ T N .
The bistable model allows us to make the precise statement that the appropriate targets for neuroprotective treatments are cells that die during reperfusion, where time is a considerably less limiting factor. Such cell death occurs over the range I S ≤ I < T N , and constitutes the lethal D phenotype. As Figure 2 makes plain, an effective neuroprotectant will "kick" the cell out of the lethal D phenotype and back into the "safe zone," where the cells will inevitably decay back to S.
However, when we consider neuroprotection over the lethal D range, one must ask: does DND manifest identically over this entire range? This seems highly unlikely. DM increases and SR decreases across this range (e.g. Figure 6 , 2 nd paper). The D phenotypes therefore are expected to constitute a set of different, but related phenotypes, all characterized by death during reperfusion. There may be a few discreet phenotypes, and therefore a series. Or the D phenotypes may consist of graded changes across this range, creating a continuum of DND phenotypes. These possibilities can only be resolved experimentally, but the present model clearly predicts them, and provides a systematic basis for understanding them.
The possibility that the D phenotype is not a singular entity would be important for systematically developing neuroprotective treatments. The bistable model predicts that the closer a D phenotype is to T N , the faster it will die during reperfusion. Therefore, the notion of the "kick" intensity of a neuroprotectant comes into play. A stronger "kick" will be required to prevent cell death in a D phenotype closer to T N than one closer to I S .
Types of ischemia-induced cell death
We introduced the idea in the 2 nd paper that the bistable model provides an alternate view of cell death causation. Here we elaborate on these ideas in relation to contemporary notions of ischemia-induced cell death.
At present, ischemia-induced cell death is conceptualized by most of the community as either necrosis or apoptosis. This distinction stems from the apparently straightforward recognition that cell death can be induced either via extrinsic insult (necrotic) or via internal, active genetic programs (apoptosis). However, as Martin et al (1998) point out, this binary distinction fails to account for cell death forms that are apparent hybrids, including those in the brain during or after ischemia where markers of apoptosis and necrosis can co-occur (Petito et al 1997; Lipton 1999; MacManus and Buchan 2000; Yakovlev and Faden 2004; Sun et al 2009) . Thereby concepts of an apoptosis-necrosis continuum have been offered to account for hybrid cell death phenotypes. While these provide useful classification schemes and help organize observations, they also suffer weakness, two of which we now discuss.
First, hybrid cell death classification schemes are generally qualitative, providing checklists of features distinguishing one category from another (e.g. Portera-Cailliau et al 1997; Yakovlev and Faden 2004; Kroemer et al 2009; Sun et al 2009) These systems tend to lack formal, systematic (e.g. read "mathematical") bases, although there are exceptions (Nicotera et al 1999) .
Second, as touched on briefly in the 1 st paper, the contemporary view of cell death tacitly assigns an essentially passive role to the injured cells. The idea seems to be that the ischemic insult triggers a set of processes that simply kill the cell, whether by necrosis or apoptosis. This logic is clearly true in general for any very intense insult that immediately destroys cells. However, for lesser intensity insults in which cell death evolves over time, (e.g. delayed forms of ischemia-induced cell death) the logic is not so strong. With delayed forms of cell death, we must contort ourselves into some concept of programmed cell death as the effective cause, if we tacitly commit to the idea that the cell is powerless to combat the damage. Taken to its extreme, a "passive" view of cell death would completely ignore the cell's ability to "fight back."
The bistable model is designed, at least in part, to compensate for these weaknesses. First, it is systematic. The scale of I systematically links the degree of the insult to cell death forms. Second, cell death is explicitly the result of the competition between damage (DM) and the cell's ability to combat this damage (SR). Finally, linking DM and SR to their respective dm i and sr i link systematic changes in the post-ischemic state space to the type of qualitative changes in molecular pathways or cell morphology that currently characterize the empirical content of the field. The bistable model offers a systematic template by which to approach to the issue of the types of cell death following ischemia that is different from, but well able to encompass, the standard apoptosis/necrosis framework, where the latter are seen as some of the dm i contributing to DM.
The bistable model allows us to clarify the possible role of both necrotic and apoptotic pathways in ischemia-induced cell death. The points in the state space are every possible combination of different proportions of dm i and sr i . We therefore expect some dm i points to have a high proportion of pathways that would be considered "necrotic". Other dm i points would contain high proportions of pathways considered "apoptotic". Still other dm i would contain different mixes of necrotic and apoptotic pathways, in all conceivable proportions. Thus, the bistable model is intrinsically a hybrid model, but not exclusively so. But most important, it does not conceptualize cell death as being caused by necrotic or apoptotic pathways. These are simply potential dm i ; in other words, specific network nodes, to be found on some of the arbitrary trajectories to CD.
In terms of causation, cell death during N and D are both caused by the same factor: DM > SR. Or said in a nonmathematical way, cell death is caused by the fact that the cell is incapable of coping with the damage. Now, the underlying reasons for DM being greater than SR are different in D and N, hence two general modes. As discussed in the 2 nd paper, time considerations allow us to infer that kinetic factors underlie cell death in N, whereas thermodynamic factors underlie cell death in D. The factors underlying cell death in N, that the kinetics of damage overwhelms the cell's ability to respond, are most similar to the current "passive" views of cell death. But even then, the small contribution of SR is explicitly recognized in the bistable model.
These notions perhaps appear foreign because they are independent of any specific pathways that may make up the underlying network nodes. As stated above, there is no magic molecular pathway X that causes cell death in the bistable model. The current expectation for discovering the cause of cell death after brain ischemia is highly conditioned on the premise that specific molecular pathways will be identified as the effective cause of cell death. This expectation obviously stems from the dominance of pathways thinking in general. Lacking a systematic understanding of pathway interactions, the default fallback position is superposition. We now turn our attention to how the expectation of discovering the magic cell death pathway X has affected experimental designs and their consequent interpretation of what constitutes causation in the field.
Improving preclinical methodology: banish superposition
Closely related to the failure of neuroprotection is the decision of what to take to clinical trials in the first place. Such decisions stem from preclinical studies showing some significant effect of drug X on post-ischemic outcome in experimental animals. Thus, there is active movement to improve preclinical methodologies (Dirnagl 2006; Fisher et al 2009) .
In the abstract, seeking methodological improvements is very important and legitimate. However, measuring brain temperature to six significant figures is not likely to help us much. The tools we use to do experiments are themselves grounded in theories of how the tools work. It is not constructive to merely attempt to improve methodology without questioning the underlying assumptions behind the tools themselves. In fact, we stand the chance of foiling our aims if we inadvertently use the tools incorrectly. What we want to discuss here are the common assumptions that appear to underlie the preclinical testing of neuroprotective agents. There are very serious problems on this front which the present network view brings to light. In a nutshell, the currently accepted idea of "causality" in brain ischemia studies itself seems to be predicated on the assumption of superposition. This is the underlying implication of the expectation that magical cell death pathway X will eventually be discovered.
The Plus/Minus Strategy
We can perhaps best describe the main method for claiming to determine causality in postischemic death by the term "plus/minus strategy". The plus/minus strategy is both an algorithm for designing experiments and the widely accepted means of establishing causality in brain I/R studies. In the latter sense it is also the most widely used theoretical tool in the field: if a result passes the experimental algorithm, it gets added into the "ischemic cascade", thereby expanding the "theory" of brain ischemia. The plus/minus strategy has the following form:
1. Hypothesize that factor X contributes to cell death.
2.
Overexpress/activate factor X (the "plus") and count increase in cell death.
3. Knockdown/inhibit factor X (the "minus") and count decrease in cell death.
4.
Express changes as a percentage from untreated cell death. If this clears statistically, one claims to have found a "cause" of cell death.
5.
If factor X is hypothesized to protect against cell death, reverse expected directions in steps 2 and 3.
Prior to modern molecular methods this algorithm was implemented via pharmacologic means, using "specific" inhibitors or activators. Newer molecular methods allow overexpression or knockout of specific proteins to effect the plus and minus operations.
Generally speaking, application of this algorithm has routinely resulted in roughly a 20%-30% decrease in cell death after brain I/R for a very wide variety of damage mechanisms (O'Collins et al 2006) . It is this generally nonspecific outcome for such a large variety of agents that led O' Collins et al (2006) to question the value of assuming that apparent drug specificity relates to neuroprotective efficacy. We take a different tact at this point in the discussion and use this 20%-30% fact as a means to question "business as usual" (Donnan 2008 ).
Let us take the general 20%-30% result at face value. Only 3 to 5 independent things can each have a 20%-30% effect. Table 4 in O'Collins et al (2006) breaks neuroprotectants into 14 categories. Figure 3 in Ginsburg (2008) lists 49 targets of neuroprotection. Let us be conservative and say that a dozen targets of neuroprotection have been unambiguously identified. If each of these dozen damage mechanisms is assumed to be independent, and each contributed say exactly 20% to cell death, then we end up with 240%. Somehow we end up with 140% more cells than with which we started. We can call this the "240% inconsistency" and it explicitly follows from assuming that the separate damage mechanisms are independent.
The bistable model offers the alternative interpretation given above that can indeed explain this seemingly inconsistent result. The 20%-30% represents the "kick" of a particular agent (e.g. the number of cells that can be sent from the danger zone to the safe zone), not the subtraction of an assumed independent damage mechanism. With the bistable model, the individual dm i and sr i of any two arbitrary trajectories will greatly overlap. Individual molecular events are interdependent, not independent in the bistable model. In other words, the above calculation is invalid from the point of view of the bistable model because it does not assume independence on the part of the dm i .
However, this is the first time such thinking has been offered in the field. This "240% inconsistency" has existed for some time and is the result of the reign of pathways-based thinking in the field. The "240% inconsistency" and the "ischemic cascade" go hand in hand; each feeds the other as stated above. That the plus/minus strategy has given us this "gift" of the "240% inconsistency" should have set off warning bells long ago and caused us to question the legitimacy of this method.
Weaknesses of the Plus/Minus Strategy
On the technical front, this strategy suffers serious weaknesses. It has been suggested that gross cell death is a crude measure of outcome (Corbet and Nurse 1998). But a deeper weakness is that the plus/minus strategy is based on the assumption that modifying the factor of interest with a plus or a minus manipulation produces no confounding artifacts or side effects. However, how many neuroprotective drugs thought to target "specific" damage mechanisms were later discovered to simply reduce temperature (Kuroiwa and Okeda 2003) ? In this day and age of overexpression by transfection/infection, and siRNA for knocking things down, assuming such manipulations create an "all other things being equal" situation presupposes a greater knowledge of the cell than we in fact posses. Injecting vehicle or empty vectors or scrambled siRNAs as controls will not recapitulate the "nonspecific" effects of the plus or minus agent itself, especially if one is overexpressing or knocking out a protein. In practice there is no attempt to empirically confirm that the plus or minus manipulation did not widely alter cell function. In the past such a "control" was impossible. However, a broad marker of cell function can at least be approached nowadays using -omic technologies (microarrays, proteomics, etc.) making such controls now feasible.
The theoretical weaknesses of the plus/minus strategy are closely related to its technical weaknesses. The contemporary theoretical understanding of cells is that they are complex chemical networks ( We have spoken at great length that all nodes are mutually dependent in a network. When a plus or minus operation is carried out, it is an alteration of one or more nodes in the cellular networks. The resulting change may have little effect on the network, or it may ripple through the entire network, radically altering it. One simply cannot know the effect a priori at our present stage of understanding. If the plus/minus strategy is used with the assumption of "all other things being equal", it simply fails to take into account the network properties of cellular mechanisms, which in practice is a disregarding of the current theoretical knowledge in cell biology.
Both the technical and theoretical weaknesses of the plus/minus strategy stem from the fact that the method implicitly assumes a pathways view of cell function. As such this method tacitly assumes superposition; that cell function itself is a linear combination of independent pathways (Huang 2009) . Applying superposition to cell function leads to the idea that a piece of the cell (pathway, protein, drug target, etc.) can be arbitrarily increased or decreased/eliminated and everything else stays the same because the manipulated piece is independent of everything else in the cell. Therefore, to conclude that causality is demonstrated by the application of the plus/minus strategy is ultimately an exercise in waking on very shaky ground. Now, most investigators realize intuitively, to some extent or another, that plus/minus manipulations are being carried out in a very complex system (e.g. the post-ischemic brain). However, there is always the danger of becoming dogmatic that "all other things" are being kept equal when no such evidence is presented one way or the other. The network view of brain ischemia not only highlights these issues, but offers a systematic framework by which to explicitly avoid them.
Reductionism and the appropriate use of the plus/minus strategy
What we need to make explicit is that there is a closed cognitive chain of reasoning that we are dealing with here: a pathways-based view of cell function automatically gives rise to assuming superposition with respect to the pieces of which cells are composed. In turn, we use a method, the plus/minus strategy, that seeks to manipulate those pieces independently from all other pieces. This whole cognitive viewpoint is a technical approach called reductionism (Dani and Sainis 2007; Cornish-Bowden et al 2007) . We respectfully disagree with O'Collins et al (2006) when they say the "ischemic cascade" is the dominant schema of stroke studies. The ischemic cascade is not the dominant schema; reductionism is, to the extent the elements of the ischemic cascade are seen as independent. We repeat the statement made in the introduction of the 1 st paper: the failure of neuroprotection can be directly linked to the failure of the reductionistic approach to adequately understand the problem in the first place.
However, it is vitally important that these comments be taken in a historical context. The pathways view evolved long before the network view matured. The network view is only slowly diffusing through modern biology, as several decades ago the pathway view did. Further, the pathways view has given us an extremely rich understanding of the detailed changes in the post-ischemic brain, in spite of the inherent uncertainties based on the discussion in the previous section. To repeat: the network view presented here would be inconceivable without the prior detailed understanding produced by pathways view.
On the other hand, everything has its place. Those that insinuate or argue that neuroprotection might be impossible (O'Collins et al 2006; Röther 2008) are in fact grappling with the realization that the reductionistic technical approach is inadequate, by itself, to get the job done. The plus/minus strategy is the spawn par excellence of the reductionistic approach and it has given us the "240% inconsistency." Therefore, we offer the following suggestions with regard to what amounts to the main preclinical method used by the community at present.
1.
The -omic technologies can provide at least a marker as to whether or not a plus or minus manipulation has widely altered the cellular network under consideration. Any results from the plus/minus strategy that do not provide this critical information to the satisfaction of all should be held suspect. When a result obtained using the plus/minus strategy has satisfactorily been shown to have "all other things being equal", the resultant information on molecular details can be considered valid.
2.
If the valid information produced by the plus/minus strategy is used for preclinical studies of drugs, the results need to be interpreted in a network, as opposed to a pathways, context. This means the model being entertained must explicitly account for the interdependence of the elements of which the system is composed. If valid information produced by the plus/minus strategy is used for the purpose of studying individual pathways, but is not to be used directly as stage I preclinical evidence, then the requirement for a network approach is recommended but not required.
Of course, these suggestions are just that, suggestions. People are not going to change their lab practices overnight, especially at the prospect of doing expensive microarrays with every expensive transfection experiment. But for the cost of the disease (Flynn et al 2008) and all the money that has been spent on brain ischemia research to this point, and what we have to show for it, the extra expense is well worth it if the data is that much more credible. We must not forget that the preclinical arena is the first staging ground before any clinical studies can be contemplated. It behooves us to invest appropriately in making sure the preclinical data is the best it can be.
Further, we cannot expect a paradigm shift overnight either. However, the blatant failure of clinical neuroprotection is exactly the kind of reason that paradigm shifts occur. These issues obviously will not be resolved here, and the above suggestions need to be openly and widely debated in the community. What clearly needs to occur is to break the habit of assuming superposition in our conception of brain ischemia. We have offered an alternative to this in the bistable model of brain ischemia. Neuroprotection as superposition: Illustration of the Wieloch sandwich model of brain ischemia and reperfusion injury and its application to neuroprotection. The individual damage pathways shown are simply an arbitrary selection of some of the established damage pathways and are by no means meant to be exhaustive (ROS, reactive oxygen species). Note that this framework does not explicitly include ischemia and reperfusion-induced stress responses. Also note that the model indicates a simple summation of the underlying damage mechanisms. In turn, neuroprotection is conceived as a simple subtraction of specific damage mechanisms, bringing the cell below the cell death threshold. This approach has not been successful in human clinical trials. Neuroprotection from the point of view of the bistable network model of brain ischemia. Drugs that enhance cell survival do so not by subtracting (e.g. inhibiting) specific damage mechanisms as is currently believed. Instead, they act as perturbations on the state vector of the post-ischemic cells, "kicking" the cells out of lethal phenotypes back towards S. This "kicking" action is here fancifully illustrated by depicting the neuroprotectants as soccer players, expert kickers all would agree. The "specificity" of any neuroprotectant is in fact the arbitrary trajectory it induces in the state space back to S. Different trajectories will consist of different combination of SR and DM; therefore different neuroprotectants will show measurable differences in specific molecular details during movement on the trajectory. But these details are relatively unimportant. What is important is that the state vector has been propelled out of the "danger zone" in the post-ischemic state space (here colored red) and back into the "safe zone" (green part of the state space) that ultimately will lead the cell back to S. Note the separatrix (dotted gray line) separates the danger zone from the safe zone.
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